We report the activities of HIV integrase protein on a novel DNA substrate, consisting of a pair of gapped duplex molecules. Integrase catalyzed an intermolecular disintegration reaction that requires positioning of a pair of the gapped duplexes in a configuration that resembles the Integration intermediate. However, the major reaction resulted from an intramolecular reaction involving a single gapped duplex, giving rise to a hairpin. Surprisingly, a deletion mutant of Integrase that lacks both the amlno and carboxyl terminal regions still catalyzed the intermolecular disintegration reaction, but supported only a very low level of the intramolecular reaction. The central core region of integrase is therefore sufficient to both bind the gapped duplex DNA and juxtapose a pair of such molecules through protein -protein interactions. We suggest that the branched DNA structures of the previously reported disintegration substrate, and the intermolecular disintegration substrate described here, assist In stabilizing protein -protein interactions that otherwise require the amino and carboxyl terminal regions of Integrase.
INTRODUCTION
Several steps in the replication cycle of human immunodeficiency virus type 1 (HTV-1) have been identified as potential targets for chemotherapeutics, for example, virus attachment, reverse transcription, and proteolytic cleavage. Research is now in progress to develop pharmacologically active agents against other steps in the viral life cycle so that more powerful antiviral stategies can be developed, such as the use of combination chemotherapy (each drug having a different target) (1) . Towards this goal, Fesen et al. (2) have investigated the pharmacological activity of various drugs as inhibitors of HTV-1 integrase (IN).
An essential step in the replication cycle of HTV-1 is integration of a DNA copy of the viral genome into a chromosome of the host cell. Prior to integration, two nucleotides are removed from the 3' ends of the linear viral DNA made by reverse transcription. This 3' processing reaction exposes the CAQH-3' ends of the viral DNA that are to be joined to chromosomal DNA in the subsequent DNA strand transfer step. DNA strand transfer is a direct polynucleotidyl transfer reaction which both cleaves the target DNA and covalently joins the 3' ends of the viral DNA to the 5' ends of the target DNA at the site of insertion (3) . Completion of the integration process requires removal of the two unpaired nucleotides at the 5' ends of the viral DNA and repair of the single strand connections between viral and host DNA, reactions that are thought to accomplished by cellular enzymes. The two viral termini are inserted into the target DNA with a 5 bp stagger, as inferred from the 5 bp duplication of target DNA at the sites of HTV-1 insertion. See Goff (4) and Whitcomb and Hughes (5) for recent reviews on retroviral DNA integration.
It has previously been shown that integrases from several retroviruses can catalyze 3' processing (6-13), DNA strand transfer (6, 13 -16) , and an apparent reversal of the DNA strand transfer reaction (13, 17, 18) in vitro. In the reverse reaction, which has been termed disintegration (17) , a double-stranded oligonucleotide corresponding to either the U5 or U3 end of the retroviral long terminal repeat (LTR) is spliced out from a target double-stranded oligonucleotide. In this report, we describe the processing of a novel X structure generated by integrase from two gapped duplex molecules. The domains of integrase responsible for this reaction are also examined in an effort to understand their roles in oligomerization and catalysis in vitro.
GTCGCTTTC-3'; RM4, 5'-ACTGGAAGGGCTAATTCACTC-3'r RM1, 5'-GTGTGGAAAATCTCTAGCAACTCGTATGGCG-TCC-3'.
AE117 and the 5' 19 bases of AE156 correspond to the U5 end of the HTV LTR; RM4 and the 5'-end of RM3 correspond to the U3 end of the HTV LTR (Fig. 1) . The radiolabeled strand was prepared by labeling 20 pmol of the appropriate oligonucleotide at the 5'-end using T4 polynucleotide kinase (Gibco BRL) and 100 /*Ci ft-32 ?]-ATP (New England Nuclear) in 10 mM Tris, pH 7, 1 mM MgCl 2 ,100 mM NaCl for 45 min at 37°C. The mixture was then heated at 85°C for 15 min to inactivate the T4 kinase.
Preparation of Y and X substrates
For the Y0 substrate (17), AE157 was labeled at the 5'-end. Sixty picomoles each of unlabeled AE117, AE156, and AE146 were added. The mixture was heated at 95°C for 3 min and allowed to cool to room temperature over 2 hr. Double-stranded DNA was separated from unincorporated [7- 32 P]ATP using a Sephadex G-25 Quick Spin Column (Boehringer Mannheim). The Y5 substrate was made in a similar manner except that RM1 was substituted for AE156. For the X0 substrate, RM2 was labeled at the 5'-end. Sixty picomoles each of unlabeled AE117, AE156, AE157, RM3 and RM4 were added. The mixture was annealed and purified as above. The X5 substrate was formed in a similar manner except that RM1 was substituted for AE156. For non-denaturing gels, reactions were stopped by the addition of SDS and proteinase K to a final concentration of 0.1 % and 0.3 mg/ml, respectively. The incubation was continued at 10°C for an additional 2 hr and one-half volume of 50% glycerol/0.1 % xylene cyanol was added. Six y.\ of each reaction was electrophoresed on a 14% nondenaturing polyacrylamide gel in 1 x TBE at 15°C. Gels were dried and autoradioagraphy was performed at room temperature using Kodak XAR-2 film. Alternatively, a Molecular Dynamics phosphorimager was used to obtain an image of the gel. Dried gels were quantitated using a Betascope 603 blot analyzer (Betagen, Waltham, MA). 
Integrase proteins

Isolation and sequencing of reaction products
The bands corresponding to the 25mer and 30mer reaction products were visualized by autoradiography and excised. The bands were crushed and eluted in 0.5 M NHj acetate, pH 7/1 mM EDTA overnight at 37 °C. The solution containing the DNA was ethanol precipitated, washed, dried, and resuspended in 50 fi\ of deionized water. Maxam-Gilbert sequencing reactions were performed as described (21) .
RESULTS
Structures of the integrase substrates
The structures of the substrates used in this study are presented in Figs. 1 and 4. The Y0 substrate represents the U5 end of HIV-1 DNA integrated into a target DNA (17) . The Y5 substrate contains a five base pair mismatch at the site of integration of the U5 end. The X0 substrate represents the U5 and U3 ends of HTV-1 DNA integrated into a target DNA, generating a X structure. The X5 substrate contains a five base pair mismatch between the sites of integration of the U5 and U3 ends. We wanted to determine whether integrase could promote formation of the X structures by 'annealing' (i.e., binding and positioning) the gapped duplexes. Even in the case of the X0 (complementary gaps) structure, the two duplexes are not expected to anneal in solution at temperatures of 20°C and above. The X5 and X0 substrates could be compared to determine whether integrase could 'anneal' two gapped duplexes to form a X structure regardless of complementarity. 
Intermolecular disintegration and intramolecular strand transfer from an X substrate
The products of reactions performed at 30 c C using the Y0, Y5, X0, and X5 substrates are shown in Figure 2 . As demonstrated before (17) , integrase disintegrated the Y0 substrate and generated a 30 bp fragment (Fig. 2, lanes 1-2, and Fig. 4A ). Interestingly, integrase was also able to convert the Y5 substrate to a 30mer product, although four-fold less efficiently than in the case of the Y0 substrate (Fig. 2, lanes 3-4) . Using the X substrates labeled with 32 P at the 5' end of the bottom strand of the target DNA (Fig. 1) , two products were detected: a 25mer and a 30mer. The minor product (representing 0.4% of total counts), a 30mer, was consistent with an integrase-catalyzed disintegration of the viral U3 end from the annealed X0 substrate (Fig. 4B) . However, the major product (6% of total counts) had an electrophoretic mobility consistent with a 25mer. In order to further characterize these products, each was purified following electrophoresis in a denaturing gel and subjected to Maxam-Gilbert chemical cleavage reactions (21) (Fig. 3A and B) . The results confirmed the 30mer as the expected disintegration product. The sequence of the 25mer was consistent with either intermolecular disintegration using a pair of U5 gapped duplexes or intramolecular hairpin formation involving a single U5 gapped duplex (Fig. 4C) . The results presented below support the latter interpretation.
Intramolecular hairpin formation can be distinguished from intermolecular disintegration by electrophoresis of the products in nondenaturing gels. The intermolecular reaction should generate a slowly migrating Y-shaped molecule, whereas the intramolecular reaction should give rise to a short linear doublestranded DNA with a single stranded loop. Figure 5 shows that the major product from reactions with the X0 substrate has the expected mobility of the hairpin structure, although some Yproduct is visible with longer exposures Gane 2). Consistent with this interpretation, the hairpin product was formed just as 25mer-
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•30mer efficiently in reactions that contained only the U5 gapped duplex (lane 4). Intermolecular disintegration involving a pair of U5 gapped substrates was not observed in these reactions; this apparendy does not reflect a requirement for a pair of U3 and U5 ends, but rather an influence of the degree of complementarity of the single stranded regions of the gapped duplexes, and perhaps the lengths of the target DNA segments, on the efficiency of intermolecular disintegration (data not shown). The interpretation that most of the hairpin product results from an intramolecular reaction was supported by the result of experiments using pairs of U5 gapped duplexes with different lengths of target DNA segments (data not shown). The lengths of the target DNA segments were designed so that the intermolecular disintegration reaction would generate a labeled DNA fragment that could be distinguished from the intramolecular products in denaturing gels. The results confirmed that the hairpin product is mainly formed by an intramolecular reaction.
Effect of temperature and substrates for the disintegration and intramolecular strand transfer reactions
We compared the relative efficiencies of the intermolecular disintegration and intramolecular strand transfer reactions with the XO and X5 substrates at 30°C and 10°C. When the reaction is performed at 30°C (above the T m for the five base pairs to be melted) (22) , the ratio of 25mer:3Omer formed from the X0 substrate is 14:1 (Table 1) . However, when the reaction is performed at 10°C (below the T m for these five base pairs) , the ratio of 25mer:3Omer formed is much lower (0.4:1) ( Table  1 ). In fact, there is more 30mer formed than 25mer, as expected if the lower temperature allows more annealing of the gapped duplexes to occur. In contrast, temperature does not dramatically affect the ratio of 25mer to 30mer formed from the X5 substrate (compare Fig. 2A lane 8 and Table 1 ).
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In an attempt to better understand mechanistic differences between the X0 and X5 substrates, the kinetics of disintegration from the two DNAs were studied at 30°C (Fig. 6) . The X5 structure serves as a better substrate than the X0 with respect to formation of a 25mer (the first order rate constants are 0.037 hr -' for the X0 substrate and 0.072 hr "' for the X5). However, the X0 structure is a slightly better substrate with respect to formation of a 30mer (the first order rate constants are 0.002 hr -' for the X0 substrate and 0.001 hr "' for the X5). These two-fold differences in reaction rates are most likely due to the fact that, in the X0, transient annealing of the complementary region favors the intermolecular reaction of integrase.
Roles of the integrase domains
We have previously described a series of deletion mutants which lack the amino-or carboxyl-terminal region (20, 23) . These mutants cannot cleave or integrate viral DNA ends but catalyze the disintegration reaction from the Y0 substrate provided amino acids 50-186 are present (20) . What are the roles of the two terminal domains? The amino-terminal domain has been suggested to be involved in binding of the viral DNA end (20, 24, 25) . Vink et al. (26) and Woerner and Marcus-Sekura (27) have proposed that a DNA-binding region of HIV-1 integrase resides between amino acid residues 200-248. In order to provide further insight into the roles of the amino-and carboxylterminal domains, HTV-1 integrase mutants with domain deletions were used with the X0 substrate. As shown in Fig. 6 , deletion of both the amino-and carboxyl-terminal domains had little or no effect on the intermolecular disintegration reaction (generating the 30mer) but dramatically inhibited the intramolecular strand The X0 substrate ( Fig. 1 ) was used. The 30mer and 25mer bands correspond to the intermolecular disintegration and intramolecular hairpin loop products, respectively (see Fig. 4B and Q. Lane 1, DNA alone; lanes 2-6, in the presence of the indicated enzymes. IN 1 " 288 corresponds to the full size protein (wild-type). In these experiments, the deletion mutants contained a N-terminal polyhistidine tag for purification purposes. In the case of IN 50 " 212 , it has been verified that this tag does not alter the ratio of the 25mer:3Omer produced but increases the efficiency of each reaction (data not shown). transfer reaction (generating the 25mer hairpin). In order to further investigate the role of each of the integrase domains, amino-and carboxyl-terminus deletion mutants were assayed both alone and in combination. As shown in Fig. 7 , these mutants could anneal gapped duplexes and disintegrate the viral ends from the resulting X structure, generating a 30mer oligonucleotide. The efficiencies of this reaction are given in Table 2 . The amount of 25mer, or hairpin product, generated from the intramolecular strand transfer reaction is much lower for the deletion mutants compared to wild-type integrase ( Table 2 ). The lowest amounts were produced using integrase deletion mutants which lacked the amino terminus. However, when IN 1 " 212 is mixed with nspo-^sa prior to addition of the gapped duplex, the ratio of 25mer to 30mer resembles that of the wild type rather than the ratio obtained with the individual deletion mutants (Table 2 ). 212 , which lacks the amino-and carboxyl-terminal domains required for 3' processing and DNA strand transfer, promotes an intermolecular disintegration reaction with the XO and X5 substrates. We conclude that, prior to the polynucleotidyl transfer step, IN 50 " 212 juxtaposes the two halves of these substrates in a configuration that resembles that of the normal integration intermediate. Although the complementary bases present in the XO substrate may help to stabilize this configuration, especially at low temperature, the X5 substrate lacks any complementary sequences that may contribute to its stabilization. Correct juxtaposition of the two halves of the substrate is not dependent on the presence of both a U3 and U5 end, since 'half-substrates' containing only a U5 end (which would generate a XO structure) are also active when assayed for intermolecular disintegration. It is likely that IN 50 " 212 makes equivalent contacts with the 'half-substrates' and that protein-protein interactions correctly juxtapose a pair of these molecules. These observations are consistent with the results of Engelman et al. (23) and Kalpana et al. (28) who suggested that the catalytic core provides residues sufficient for multimerization.
Intramolecular hairpin formation by HIV-1 integrase
In contrast to the intermolecular disintegration reaction promoted by IN 50 " 212 , the major reaction with full length HIV-1 integrase and the XO and X5 substrates was the formation of hairpins from intramolecular strand transfer involving only a single gapped duplex molecule. Although such a product has not been demonstrated previously, we note that the gapped duplexes resemble molecules that are known to be substrates for the 3' processing reaction; this reaction is normally very inefficient when more than three nucleotides are present after the conserved CA, but molecules with much longer extensions can serve as substrates when the complementary DNA strand is not present (10) . These results are also consistent with those obtained using other integrases. For example, Roth and coworkers (24) have examined effects of removing the upper strand of target DNA which normally provides the nucleophilic 3'-hydroxyl in a Y disintegration assay. They have found that the Moloney murine leukemia virus integrase will catalyze the attack of the 3'-hydroxyl of the remaining lower strand of target DNA on the viral DNA, resulting in cleavage of the viral DNA end and, presumably (although not demonstrated), formation of a hairpin.
The phosphodiester bond that links 'viral' and 'target' DNA in the gapped duplexes is clearly accessible to nucleophilic attack by the 3'-OH end of the unjoined target DNA strand, leading to the formation of hairpins. Consistent with the notion that hairpin formation represents a variant of 3' processing, reactions containing the same DNA substrate with radiolabel at the 3' end of the 'target' DNA strand that is linked to 'viral' sequence reveal an alternative reaction product: a DNA fragment that results from hydrolysis of the phosphodiester bond between 'viral' and 'target' sequences (data not shown). Thus, like the 3' processing reaction (3, 11) , a variety of nucleophiles can participate in cleavage of the gapped duplexes. The similarity with the 3' processing reaction is further reinforced by the requirement for both the amino-and carboxyl-terminal domains of integrase for an efficient reaction, and by the ability of pairs of mutant proteins, each of which lacks a functional domain, to complement in trans (23, 29) . Furthermore, the intramolecular reaction is still catalyzed when magnesium is substituted for manganese, although the efficiency is reduced seven-fold (data not shown).
Why are the amino and carboxyl terminal regions of integrase dispensable for both intramolecular and intermolecular disintegration?
The previously described 3' processing, DNA strand transfer and intramolecular disintegration reactions differ in their requirements for functional domains of integrase. Whereas the intact protein is required for 3' processing and DNA strand transfer, the amino and carboxyl terminal regions are dispensable for disintegration (20, 26) . However, the exact roles of the amino and carboxyl terminal regions of integrase are yet to be determined. In terms of protein requirements, the intermolecular disintegration reaction reported here clearly resembles the previously reported disintegration reaction, whereas the requirements for intramolecular hairpin formation closely parallel those for 3' processing and DNA strand transfer. Our results, in conjunction with previously reported observations (23, 25, 29) , are consistent with the following working hypothesis. The active form of integrase in all these reactions is a multimer and formation or stabilization of a functional multimer is assisted by functions contributed by the amino and carboxyl terminal domains of integrase. In the absence of the amino and carboxyl terminal domains, functional multimerization can be promoted by DNA-protein contacts between integrase and the branched DNA structure of the disintegration substrates, as depicted in Figure 8 . In this model, the same contacts that promote formation of a functional multimer of IN 50 " 212 with the Y0 substrate are responsible for correctly juxtaposing the gapped duplexes that comprise the XO and X5 structures. With intact integrase protein, functional multimerization does not require assistance from appropriately positioned DNA sequences and alternative reaction pathways are made available.
Our interpretations are clearly speculative and must be challenged by further experimentation. However, the reactions described imply that there is a DNA binding domain in the core region that can recognize and bind viral ends. These reactions provide additional tools to probe the mechanism of HTV DNA integration and may assist in the search for pharmacologically active compounds that block the integration step of the HIV replication cycle.
